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ABSTRACT: 
Masonry is a material with poor capacity to withstand tensile loads, for this reason it results so vulnerable against 
destabilizing accidental loads, such as earthquakes. External FRP (fibre reinforced polymer) reinforcements can 
improve out-of-plane flexural capacity of masonry walls. For practical applications, we need to study the critical 
sections to check Ultimate Limit State is not exceeded. In this sense, non-dimensional axial load-moment 
interaction diagrams are a useful tool for the design/assessment of the FRP reinforcement, as well as for analyzing 
the incidence of the main variables on the ultimate cross sectional capacity. The diagrams included in this work 
have been prepared from a calculation procedure similar to that used for reinforced concrete sections but adapted 
to the particularities of the strengthened masonry ones. For masonry, an idealized bilinear stress-strain relationship 
is used. For FRP strengthening, linear elastic up to failure, the design strain for flexural applications is limited by 
a "bond reduction factor" taking into account some aspects, such as intermediate FRP debonding failure, that 
causes the FRP sheets can’t reach their ultimate tensile strength although their ends were properly anchored. Non 
dimensional axial load-moment interaction diagrams are presented, which main parameters have been chosen to 
be representative of different FRP strengthening systems. These diagrams allow analyzing the predictable failure 
mode (due to masonry or FRP) and the improvement of flexural sectional cross capacity obtained by means of the 
strengthening depending on axial load level supported by the wall. 
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INTRODUTION 
Masonry is characterized for being a good material to support compressive stresses but really bad to withstand 
tensile ones. For this reason, unreinforced masonry walls are vulnerable to earthquake or high wind loading. On 
the other hand, glue FRP laminates can improve the flexural capacity of masonry elements subject to bending.  
This kind of strengthening may be interesting mainly in the event of damage due to exceptional events (such as 
earthquakes), damage occurring with time in the life of a building (such as differential soil settlement) or in the 
event of an increase in live loads (Di Tomasso 2001). Several samples of this technique applied to masonry 
elements have been carried out, mainly in Italy (Celestini 2009). 
Experimental tests have shown that FRP materials can improve significantly the out-of-plane bending capacity of 
masonry walls. However, most of them have been carried out in pure bending (Triantafillou 1998, Albert 1998, 
Velázquez-Dimas 2000, Hamilton 2001, Morbin 2002, Tan 2004, Mosallam 2007). Only some tests were tested 
combining bending and compression (Barbieri 2000, Galati 2003, Accardi 2007, Martínez 2013). This is an 
important issue because most of the masonry elements in historical buildings have a structural bearing function. 
In regards of theoretical studies, there are different proposals based on reinforced concrete analytical methods 
(Triantafillou 1998, Albert 1998, Velázquez-Dimas 2000, Hamilton 2001 Tan 2004, Mosallam 2007). However, 
they present important differences regarding the constitutive law of masonry (elastic approach or a simplified 
rectangular stress block), the way of assessing the FRP design strain or the desirable failure mode that it must be 
looked for. An U.L.S. method to design and check FRP strengthened masonry sections subject to bending and 
compression is proposed, including a “bond factor” to assess the FRP design strain. Later, different axial load-
moment interaction diagrams are drawn with the aid of the proposed formulation. 
CALCULATING METHOD FOR ULS 
A method, similar to that used for RC sections but adapted to the particularities of the strengthened masonry ones, 
has been proposed (Martínez, 2014). It is applicable for FRP strengthened masonry walls with properly anchored 
FRP ends. According to experimental studies, FRP strengthened masonry walls with anchored FRP ends subject 
to bending can fail due to: 1) crushing masonry, 2) FRP rupture and 3) intermediate FRP laminate debonding from 
masonry substrate, usually induced by intermediate flexural cracks. 
 
 
 
 
 
 
DESIGN BASIS AND MATERIALS  
In regard to masonry, its tensile strength is considered negligible and an idealized bilinear stress-strain relationship 
is used, Figure 1a. The first phase of the stress-strain diagram (elastic phase) is defined by Eq. 1, and the second 
one (plastic phase) by Eq. 2. The modulus of elasticity for masonry (Em) is assessed as the product of the design 
compressive strength (fmd) by a factor (). According to the bibliography on masonry (Hendry, 1998), this factor 
 could take a value from 1000 to 400, in this work a value of 750 is adopted. The value of masonry ultimate strain 
(mu) is considered equal to 0.0035 as Eurocode 6. 
If  0  m  me      then     = Em m (1) 
If   me  m  mu  then    = fmd (2)  
 
A) B) 
Figure 1: Stress-strain diagram for: a) masonry and b) FRP strengthening. 
In regard to FRP material, it is considered linear elastic up to failure, Figure 1b. Up to the design strain value (fe), 
a full composite action between composite strip and the masonry surface is assumed. The FRP thickness is 
considered negligible. Eqs. 3-4 allow to calculate FRP design tensile stress (ffd) and strain (fe) by means of the 
ultimate tensile fiber strain (fu*) and two factors. The “environment reduction factor” or CE takes into account the 
effects of long-term exposure to different environments and the “bond reduction factor” or K limits the FRP design 
strain to prevent FRP debonding failure induced by intermediate cracks. 
ffd  = Ef fe (3) 
fe = K CE fu* (4) 
The environment factor (CE) can be taken from ACI codes. The bond reduction factor (K), relatively similar to 
ACI 440.7R-10, has been fixed with the aid of a large bending test database. It has been extracted from 9 studies 
of the existing literature and from an own small experimental program (Martínez, 2013).  
The proposed values of K are: 
K=0.40 for FRP wet lay-up systems(5) 
K=0.25 for CFRP pultruded laminates (6) 
LIMIT STRAIN DOMAINS  
The failure modes can be related to the strain distribution of the critical section, see Figure 2. It is accepted plane 
hypothesis of strain of the strengthened section.  
 
Figure 2: Strain and stress distribution 
The domain or region “A” corresponds with a failure due to an excess of deformation in the FRP laminate 
(including debonding or rupture). The region “B” corresponds with a crushing masonry failure. The region “C”, 
in which compression loads are predominant, it is not proper for FRP flexural strengthening. The flexural capacity 
of FRP strengthened wall depends on the predictable failure mode. Design equations are given below. 
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EQUATIONS FOR U.L.S. METHOD 
It is considered a masonry wall of width “l” and thickness “t” subject to out-of-plane bending (Md) combined with 
compression (Nd) and strengthened by bonding an FRP laminate of width “bf” and thickness “tf”. The mechanical 
FRP reinforcement ratio (f) can be calculated by Eq. 7. When failure is due by masonry and FRP simultaneously 
this ratio has been called “limit reinforcement ratio” (f, lim) and can be calculated by Eq. 8. When failure is due 
FRP while masonry still behaves elastically, the ratio is called “elastic reinforcement ratio” (f, elást) and can be 
calculated by Eq. 9. In both expressions, “” is the normalized axial load (equal to Nd/t b fmd). 
f = (bf tf ffd) / (b t fmd) (7) 
f, lim = (1
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The predictable failure mode can be determined by comparing the FRP reinforcement ratio of the strengthened 
wall to the “elastic” and “limit” ratios. Based on the strain compatibility principle and forces and moment 
equilibrium, formulation for each case can be obtained. 
When 
f < 
f,elas, the failure is due to debonding or rupture of FRP while the masonry exhibits linear behaviour. 
The Equations 10-11 allow calculating the ratio depth of the neutral axis to masonry thickness (x/t) and the 
normalized ultimate moment of the strengthened section ().  
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When 
f,elas < 
f  < 
f,lim, the failure is due to debonding or rupture of FRP while the masonry exhibits nonlinear 
behaviour and the Equations are 12-14. 
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When 
f  > 
f,lim, the failure is due to crushing masonry and the Equations are 15-17. 
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AXIAL LOAD-MOMENT INTERACTION DIAGRAMS 
Three FRP systems have been chosen, although they cannot be representative of the whole market products, they 
present properties compatible with current commercial products and are illustrative of formats that are used 
recurrently in practical applications and research tests. 
     
 
 
 
 
 
 
- An unidirectional glass fiber sheet with Ef tf equal to 25 000 N/mm and fu* equal to 0.020. 
- An unidirectional carbon fiber sheet with Ef tf equal to 40 000 N/mm and fu* equal to 0.016. 
- A pultruded carbon strips with Ef tf equal to 200 000 N/mm and fu* equal to 0.017. 
As stated above, the FRP design strain (fe) are obtained by means of some factors to take into account the effects 
of long-term exposure to different environments (“environment reduction factor” or CE) or FRP debonding 
induced by intermediate cracks (“bond reduction factor” or K). It was proposed a K factor equal to 0.40 for FRP 
wet lay-up systems and 0.25 for CFRP pultruded laminates and the CE factor can be taken from ACI codes. 
Table 1 shows the range of values of FRP design strain (fe) for internal and external exposure (not aggressive 
environments) and the three FRP systems. As it can be seen, the values of fe are between 0.006 and 0.0035.  
Table 1. FRP design strain for different FRP systems 
Exposure FRP system Ef tf fu* CE K fe 
Internal 
GFRP unidirectional sheets 25 000 0.020 0.75 0.40 0.0060 
CFRP unidirectional sheets 40 000 0.016 0.95 0.40 0.0061 
Pultruded CFRP strips 200 000 0.017 0.95 0.25 0.0040 
External 
GFRP unidirectional sheets 25 000 0.020 0.65 0.40 0.0052 
CFRP unidirectional sheets 40 000 0.016 0.85 0.40 0.0054 
Pultruded CFRP strips 200 000 0.017 0.85 0.25 0.0036 
Axial load-moment diagrams 
Using the before calculating procedure, interaction diagrams are prepared. Figure 4 and 5 show non-dimensional 
axial load-moment diagrams for FRP design strain (fe) equal to 0.0035 and 0.006, respectively. Besides, 
Figure 6 shows axial load-moment diagram for a higher value of FRP design strain (fe), equal to 0.012, taking 
into account some theoretical situations in which bond requirements would be less demanding, for instance, 
retrofitting systems that covers full masonry surface (even TMR systems). 
In these graphics, the axial load-moment curve for the unstrengthened wall section is drawn with broken line and 
the curves for different mechanical FRP reinforcement ratios (f) are drawn with continuous line. The domains 
or regions (see Figure 3) related to the different failure modes are also indicated (AI and AII region are 
associated to FRP failure and B region to masonry crushing). 
 
Figure 4: Non-dimensional axial load-moment diagram for fe=0.0035 
 
fe = 0.0035 
 
 
 
 
 
 
Figure 4: Non-dimensional axial load-moment diagram for fe=0.0035 
 
 
Figure 5: Non-dimensional axial load-moment diagram for fe=0.006 
 
Figure 6: Non-dimensional axial load-moment diagram for fe=0.012 
These interaction diagrams allow to assess the predictable failure mode (due to masonry or FRP) and the 
improvement of the out-of-plane flexural sectional cross capacity depending on axial load level supported by the 
wall. Besides, they can be used to study the incidence of different parameters. 
fe = 0.012 
fe = 0.006 
 
 
 
 
 
ANALYSIS OF THE DIAGRAMS 
Comparing the previous diagrams, it can be observed that AI and AII regions (related to a predictable failure mode 
due to FRP) are more extensive for the lower value of FRP design strain (fe equal to 0.0035). On the other hand, 
region B (masonry crushing) is prevailing for the higher value of FRP design strain (fe equal to 0.012). 
It may be highlighted that in region AI and AII the curves are almost parallel. This means that for a similar increase 
of mechanical amount of FRP ratio (
f) we can get a similar bending capacity improvement. However, in region 
B (masonry compression failure), the obtained moment enhancement by increasing the amount of reinforcement 
is smaller for larger reinforcement ratios and this increase is only possible when axial loads aren’t great. The curves 
are practically overlapped for a normalized axial load () equal to 0.7-0.8. 
Figure 7 shows one of the interaction diagrams above (fe=0.006) in more detail to distinguish the degree of flexural 
capacity improvement obtained with the reinforcement depending on the domain was A or B. 
 
Figure 7: Different degree of out-of-plane flexural improvement depending on axil load level (fe=0.006) 
 
PARAMETER: AXIAL LOAD 
 
Axial load level supported by the strengthened wall is the key factor and affects the predictable failure mode, the 
improvement of the bending capacity achieved with the reinforcement and, even, the viability, or not, of the 
strengthening intervention itself.  
As we can see from diagrams, masonry crushing is usually expected failure for strengthened walls with moderate 
and high axial loads and/or with significant mechanical FRP reinforcement ratios (
f). 
Regarding to the degree of out-of-plane flexural improvement achieved thanks to FRP strengthening, the 
enhancement is important for low axial load levels, in fact, great gains are obtained in experimental tests when 
strengthened samples are tested on pure bending. For instance, as we can see in Figure 7, for a normalized axial 
load () equal to 0.10, the bending capacity of strengthened section is higher than 2.5 the unstrengthened one if 
f 
is equal to 0.10 (equivalent to a masonry wall with fmd equal to 2.5 N/mm2, one and a half feet of thickness, with 
FRP sheets with Ef tf equal to 40 000 N/mm2 over 30% of the masonry surface). 
However, for a normalized axial load () equal to 50% (Fig. 7), the increase of bending moment obtained with the 
reinforcement decreases considerably, regardless the amount of glued FRP. For  equal to 70-80%, the 
improvement is negligible, this happens for all the different FRP systems analyzed (Fig.4-6). 
In general, up to the half of the ultimate axial load on pure compression, the problem of the design of a masonry 
wall is fundamentally to guarantee its stability. It is in this range of axial loads where the strengthening intervention 
makes sense. In contrast, for high axial load levels the problem is related to the compressive strength, so adding a 
 
 
 
 
 
material that is capable of withstanding large tensile forces but not compressions, hardly implies improvement and 
the strengthening operation has no sense. For this reason, it is important, previous of any intervention, to assess 
the actual load situation of the masonry element. 
 
PARAMETER: FRP DESIGN STRAIN 
 
The value used as FRP design strain has also impact on the type of predicted failure mode and on the assessment 
of ultimate bending capacity of the section. 
Figure 8 shows the interaction diagram for a strengthened masonry section calculated with two values of FRP 
design strain (fe), equal to 0.005 (black line) and 0.016 (red line), and their comparative with the unstrengthened 
section (broken line). In this figure, it has been drawn the curve for a masonry wall with thickness equal to one 
and a half feet, strengthened with a FRP sheets with Ef tf equal to 40 000 N/mm2 over 30% of masonry surface. 
As it can be seen, the value of FRP design strain (fe) influences the type of predicted failure: high values of FRP 
design strain (fe equal to 0.016) leads to predict failure mode due to the masonry and overestimate the ultimate 
bending moment. Only in the case that the deformation domain of the section at failure was type B, fe doesn´t 
affect the prediction of the moment. The problem is, excepting extreme cases, the value of fe must be previously 
established to predict which deformation domain of the section would be at failure.  
In any case, using for calculation a low value of FRP design strain (fe) is a safety practice. With this reduced value, 
we obtain smaller values (if the critical section is in domain AII) or equals (if it is in domain B) of the predictable 
ultimate bending capacity. 
 
Figure 8: Different degree of out-of-plane flexural improvement depending on axil load level 
CONCLUSIONS 
Non-dimensional axial load-moment interaction diagrams which are suitable for different FRP systems have been 
prepared with the aid of an U.L.S. method for masonry wall sections with external FRP strengthening subject to 
bending and compression. These interaction diagrams are a useful tool for design and check FRP strengthened 
masonry walls, but also let analyzing the incidence of different parameters, such as axial load level, on the out-of-
plane bending capacity of strengthened sections. It can be concluded: 
Axial load level supported by the reinforced wall is the key factor and affects the predictable failure mode, the 
improvement of the bending capacity achieved with the reinforcement and, even, the viability, or not, of the 
strengthening intervention itself.  
For low or moderate axial load level (normalized axial load “” lower than 50%), gluing FRP strengthening to 
masonry wall surface can lead to important improvement of out-of-plane flexural capacity. However, if the 
masonry wall supports high compressive loads, FRP strengthening operation has no sense. Previous of any 
intervention, it is important to assess the actual load situation of the masonry element. 
fe = 0.005 / 0.016 – domain B 
fe = 0.016 – domain B 
fe = 0.005 – AII 
 
 
 
 
 
 
Using for calculation a low value of FRP design strain (fe) is a safety practice. With this reduced value, we obtain 
smaller values (if the strain distribution of the section is in domain AII) or equals (if it is in domain B) of the 
predictable ultimate bending capacity. 
For low or moderate axial load levels, increase the FRP reinforcement rate (
f) means higher bending capacity. 
However, as stated above, for high axial load level (axial load over 70%-80% of the ultimate load in pure 
compression), increasing the amount or elastic modulus of FRP does not mean significant moment improvements. 
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